Behavioral and brain research indicates that administration of Δ 9 -tetrahydrocannabinol (THC) alters threat perception and enhances the suppression of conditioned fear responses via modulation of the frontolimbic circuit. No prior studies, however, have examined whether THC also affects volitional forms of emotion processing such as cognitive reappraisal. The aim of the current study was therefore to examine the effects of THC on frontolimbic activation and functional connectivity during cognitive reappraisal in a sample of healthy adults. The study was a randomized, double-blind, placebo-controlled, between-subject design and all participants ingested either an oral dose of synthetic THC (n = 41) or placebo (n = 37) before completion of an emotion regulation task during functional magnetic resonance imaging (fMRI). Functional connectivity was assessed using generalized psychophysiological interaction (gPPI) analyses. Results indicated that although there were no group differences in self-reported attenuation of negative affect during cognitive reappraisal, relative to placebo, THC increased amygdala activation and reduced amygdala and dorsolateral prefrontal cortex (dlPFC) functional coupling during cognitive reappraisal of emotionally negative pictures. This suggests that in addition to automatic emotional processes, THC affects frontolimbic functioning during cognitive reappraisal.
INTRODUCTION
The endogenous cannabinoid (CB) system is a robust neuromodulator of subjective affective states such as anxiety and aggression (Lutz, 2009; Martin et al, 2002) . When ingested, Δ 9 -tetrahydrocannabinol (THC; the primary psychoactive ingredient in cannabis) binds to type 1 cannabinoid receptors (CB 1 ) in the brain and produces a variety of subjective effects including euphoria, dysphoria, increased and decreased anxiety, and sedation (Curran et al, 2002; McDonald et al, 2003) . Notably, CB 1 receptors are also highly expressed in regions critical for emotion processing including the amygdala, hippocampus, and anterior cingulate cortex (ACC) (Eggan and Lewis, 2007; Mackie, 2005) .
Through the use of functional magnetic resonance imaging (fMRI), THC has been shown to dampen limbic reactivity and enhance frontolimbic connectivity, thus leading to decreased anxiety and negative affect. For instance, THC attenuates amygdala activation (Phan et al, 2008) , and increases amygdala-rostral ACC/medial prefrontal cortex (mPFC) functional coupling (Gorka et al, 2015) during passive viewing of threatening faces. THC also dampens subgenual ACC (sgACC) reactivity to social and nonsocial negative images (Rabinak et al, 2012) , and chronic, heavy cannabis users exhibit decreased amygdala and ACC activity during masked (or implicit) affective stimuli (vs controls) (Gruber et al, 2009) .
However, THC can also increase limbic reactivity and either disrupt or have no impact on frontolimbic connectivity, as well as be anxiogenic and induce psychotic symptoms (D'Souza et al, 2004) . Fusar-Poli et al (2009) reported that THC increased precuneus and primary motor cortex activation and reduced ACC and middle frontal gyrus activity during matching of negative emotional stimuli. In separate studies, the authors also demonstrated that THC increases amygdala activation and has no impact on amygdala-ACC functional connectivity during viewing of fearful faces. Overall, THC administration affects emotion processing via modulation of the frontolimbic circuit; however, data on the direction of these effects have been mixed.
The CB system is also involved in fear extinction and recall of extinction learning. Pharmacological blockade or genetic deletion of CB 1 receptors prevents consolidation of fear extinction (Chhatwal et al, 2005; Marsicano et al, 2002) .
Meanwhile, acute administration of CB 1 agonists, including THC, facilitates fear extinction and its recall (Bitencourt et al, 2008; Chhatwal and Ressler, 2007; de Oliveira Alvares et al, 2008; Rabinak et al, 2013) . Thus, THC may enhance suppression of conditioned fear responses, and we have shown that these effects are mediated by modulation of key nodes within the frontolimbic circuit (amygdala, hippocampus, and ventromedial PFC (vmPFC) ; Rabinak et al, 2014) .
Overall, THC affects passive and automatic forms of emotion processing such as threat perception and fear inhibition, and does so via frontolimbic modulation. However, no study has investigated the effects of THC on volitional emotional processes such as cognitive reappraisal that involves explicitly altering one's emotional state by reinterpretation of affective information. Cognitive reappraisal is highly effective at diminishing negative affect in response to aversive stimuli (Gross, 2002; Richards and Gross, 2000) and activates regions of the frontolimbic circuit including the medial, dorsolateral, and ventrolateral prefrontal cortices, and the ACC (Buhle et al, 2013; Phan et al, 2005; Ochsner et al, 2002) . Engagement of these regions corresponds with reduced amygdala activity (Ochsner and Gross, 2005; Phan and Sripada, 2013) and the strength of amygdala-PFC functional coupling predicts the extent to which negative affect declines following reappraisal (Banks et al, 2007) . Thus, successful downregulation of negative affect may rely upon effective inhibitory functioning of the frontolimbic circuit.
As CB 1 receptors are densely localized within the frontolimbic circuit (Eggan and Lewis, 2007) and THC affects automatic forms of emotion processing via frontolimbic neuromodulation (Gorka et al, 2015) , THC may also acutely affect cognitive reappraisal processes that similarly rely on frontolimbic functioning. The aim of the current study was to examine the acute effects of THC on neural activation and functional connectivity during cognitive reappraisal. The study was a randomized, double-blind, placebo-controlled design in which healthy adult participants ingested either an oral dose of THC or placebo (PBO) before completing a cognitive reappraisal task during fMRI. Given prior conflicting findings on the effects of THC on neural and affective processing, we did not have specific hypotheses about how THC would affect the neural correlates of cognitive reappraisal; however, we speculated that THC would modulate frontolimbic activation and functional connectivity, particularly the amygdala and the medial and lateral prefrontal cortices Phan et al, 2008; Rabinak et al, 2014) .
MATERIALS AND METHODS

Subjects
A total of 78 right-handed volunteers, recruited from the local community via print advertisements and flyers, participated in this study. To be eligible, volunteers had to be free of any current psychoactive medications, neurological or medical illness as confirmed by a physician evaluation, and any DSM-IV lifetime Axis I psychiatric disorders (including substance use disorders) as confirmed by the Structured Clinical Interview for DSM-IV (SCID-NP; First et al, 2002) . Moreover, participants had a minimal history of marijuana use (limited to o10 lifetime exposures) to limit prior THC exposure. No participant had used cannabis within the past 30 days, as verified by a negative urine toxicology screen at the time of study. No participant was a daily tobacco smoker. A total of 39 participants were randomly assigned to the THC group and the other 36 participants to the PBO group. Of note, data from 28 of the participants (THC = 14; PBO = 14) were collected at the University of Michigan (UM) as previously described on a different fMRI task (Rabinak et al, 2013) and data from the other 50 participants (THC = 27; PBO = 23) were collected at the University of Illinois at Chicago (UIC). Subject demographics for each drug group, by study site, is detailed in Table 1 . For both sites, participants were required to be between the ages of 21 and 45 years in order to minimize developmental differences in brain maturation and cognitive function, and ensure that participants were old enough to provide consent to receive an illicit substance. All participants gave written informed consent after explanation of the experimental protocol, as approved by the UM and the UIC institutional review boards.
Experimental Protocol and Task
This study used a double-blind, placebo-controlled, betweensubject design as previously described (Rabinak et al, 2013) . Of note, the study protocol and experimental task were identical across both study locations. Approximately 120 min before scanning, participants ingested an opaque gelatin capsule (size 00) with dextrose filler that contained either synthetic THC (Marinol; 7.5 mg; Solvay Pharmaceuticals, Marietta, GA) or dextrose alone (PBO). The dose of 7.5 mg is considered a low dose and was chosen because it has previously been used in other pharmaco-fMRI studies of emotion processing (see, eg, Phan et al, 2008) , and is the lowest effective dose that has been found to produce behavioral and subjective effects (Curran et al, 2002; Rabinak et al, 2012) .
The Emotion Regulation Task (Banks et al, 2007; Phan et al, 2005 ) is a block-design variant of the reappraisal-based emotion regulation task developed in our laboratory based on paradigms previously validated by Ochsner and colleagues (Ochsner et al, 2002) and Davidson and colleagues (Urry et al, 2006) . Stimuli consisted of 64 unpleasant and 32 neutral images from the International Affective Pictures System (IAPS; Lang et al, 2008) . The task involved three conditions. In the 'Look' condition, participants simply looked at neutral images. In the 'Maintain' condition, participants were instructed to passively process (eg, experience naturally) unpleasant images. During the 'Reappraise' condition, participants were instructed to use the cognitive strategy of reappraisal to decrease negative affect evoked by unpleasant images.
Before scanning, participants were instructed to use two validated strategies of reappraisal (Ochsner et al, 2002; Phan et al, 2005) : (1) conceptualizing the depicted scenario in a less negative way (eg, women crying outside of a church could be attending a wedding not a funeral); and (2) objectifying the content of the pictures (eg, a woman with facial bruises could be an actor in a movie). Participants were instructed not to look away from pictorial stimuli and understanding of the task was confirmed before scanning by reviewing examples of reappraisal strategies generated by subjects with sample IAPS images not used in the ERT during scanning.
Participants viewed two 20 s blocks of each condition interspersed with 20 s baseline blocks consisting of a white fixation cross on a black background to allow the blood oxygen level-dependent (BOLD) fMRI signal to return to baseline. During the baseline blocks, participants were asked to 'relax and clear your mind.' Each experimental block consisted of four images, presented for 5 s each in succession. Before each block, the instruction to 'Look, 'Maintain,' or 'Reappraise' appeared in white text on a black screen for 5 s. Immediately following each task block, participants were asked to rate 'How negative do you feel?' on a 5-point scale (1 = not at all, 5 = extremely) via button response. The order of blocks was pseudorandomized over 4 separate runs of 5 m each.
Following the scanning session, participants viewed each of the 96 previously seen pictures and rated these images on Valence (1 = most unpleasant; 5 = neutral; 9 = most pleasant) and Arousal (1 = not at all arousing; 5 = somewhat arousing; 9 = extremely arousing).
Functional Imaging Acquisition
The fMRI scanning at UM Functional MRI Laboratory was performed on a 3T GE Signa System (General Electric Healthcare, Waukesha, WI) using a standard radiofrequency coil. Whole-brain functional images (ie, BOLD) were collected from 43 axial, 3-mm-thick slices using a T 2 *-sensitive gradient echo reverse spiral acquisition sequence (repetition time, 2000 ms; echo time, 30 ms; 64 × 64 matrix; 220 mm field of view; flip angle, 90), optimized to minimize susceptibility artifacts (signal loss) at the medial temporal lobe (including the amygdala) (Stenger et al, 2000) .
The fMRI scanning at the Center for Magnetic Resonance Research at UIC was performed on a 3T GE MR 750 System (General Electric Healthcare) using an 8-channel phasedarray radio frequency head coil. A standard T2*-sensitive gradient-echo echoplanar imaging (EPI) sequence was used (repetition time, 2000 ms; echo time, 22.2 ms; 64 × 64 matrix; 220 mm field of view; flip angle, 90; 44 axial slices).
Functional Imaging Analysis
Data from all participants met criteria for high quality and scan stability with minimum motion correction and were subsequently included in fMRI analyses (o2 mm displacement in any one direction). The first four volumes were discarded to allow for T 1 equilibration effects. Statistical Parametric Mapping (SPM 8) software (Wellcome Trust Centre for Neuroimaging, London, www.fil.ion.ucl.ac.uk/ spm) was used to perform conventional preprocessing steps. In brief, slice-time correction was performed to account for temporal differences between slice collection order, images were spatially realigned to the first image of the first run, functional images were normalized to a Montreal Neurological Institute (MNI) template using the EPI template, resampled to 2 mm 3 voxels, and smoothed with an 6 mm isotropic Gaussian kernel.
The general linear model was applied to the time series, convolved with the canonical hemodynamic response function and with a 128 s high-pass filter. Condition effects during the 20 s block of images were modeled with box-car regressors representing the occurrence of each block type, and effects were estimated at each voxel and for each subject. In addition, the six movement parameters obtained during realignment were included in the model as regressors to account for motion-related effects in BOLD. Of note, the preceding instruction screen and the following affect rating period were modeled separately and collapsed across Effect of THC on cognitive reappraisal SM Gorka et al conditions. The individual SPMs were then analyzed at the second level in a random-effects statistical model using a two (group: PBO, THC) by three (condition: Look, Maintain, Reappraise) analysis of covariance (ANCOVA). Study site/ scanner was included as a covariate.
To examine how THC would modulate frontolimbic activation and connectivity specifically during cognitive reappraisal, we conducted a partial brain search using a region of interest (ROI)-based analysis within the vmPFC, vlPFC, dmPFC, dorsolateral PFC (dlPFC), ACC, and amygdala; regions consistently implicated in cognitive reappraisal (Buhle et al, 2013) . Prefrontal regions were defined using spherical masks centered on peaks independently defined based on a recent meta-analysis of 48 neuroimaging studies of reappraisal (Buhle et al, 2013 ) (see Table 2 ); in addition, a mask of vmPFC separately identified from another meta-analysis of cognitive reappraisal (Diekhof et al, 2011) was also included (see Table 2 ). Left and right amygdala ROIs were defined by anatomical landmarks using MARINA software (Walter et al, 2003) based on masks from the atlas of Tzourio-Mazoyer et al (2002) .
To examine functional connectivity we used a generalized psychophysiological interaction analysis (gPPI). The deconvolved time series from a left and right anatomical amygdala mask was extracted for each subject to create the physiological variable. Condition onset times for Look, Maintain, Reappraise, the preceding instruction screen, and the following affect rating period were separately convolved with the canonical hemodynamic response function for each condition, creating psychological regressors. Interaction terms (PPIs) were computed by multiplying extracted time series from the psychological regressors with the physiological variable. Activity within each amygdala seed was regressed on a voxel-wise basis against the interaction, with the physiological and psychological variables serving as regressors of interest. Individual contrast images for Reappraise vs Maintain were then entered into separate second-level t-tests. Like the focal activation model, study site/scanner was included as a covariate.
Within our a priori ROIs we identified significant activations and connectivity patterns that survived smallvolume correction (Po0.05, family-wise error-corrected (FWE)) that balances the risk of type I and II errors in the context of strong a priori regionally based hypotheses (Lieberman and Cunningham, 2009) and is comparable to thresholds used in prior fMRI studies of cognitive regulation of emotion (Buhle et al, 2013) . For completeness and to generate hypotheses in future studies, we report all significant activations at a whole-brain voxel-wise threshold of Po0.05, FWE.
To clarify the direction of effects, we extracted parameter estimates/β-weights representing BOLD response activation/ connectivity strength (parameter estimates, in arbitrary units (a.u.) in terms of mean ± SD) averaged across all voxels within a 10 mm (5 mm for amygdala) sphere surrounding the peak activation/connectivity clusters of each participant. Follow-up tests were performed using paired or independent sample t-tests, as appropriate. We calculated Hedges' g, an index of effect size corrected for different sample sizes, on drug effects based on the following: Hedges' g = mean PBO − mean THC /SD* pooled , where SD* pooled = √(n PBO − 1) SD PBO 2 +(n THC − 1)SD THC 2 /n PBO +n THC − 2.
Subjective Ratings Analysis
Subjective ratings were assessed using a two (group: PBO, THC) × three (condition: Look, Maintain, Reappraise) × two (study site: UM, UIC) ANOVA. Follow-up tests were performed using paired or independent sample t-tests, as appropriate.
RESULTS
Subjective Ratings
Subjective ratings were missing from one THC participant and valence and arousal ratings were missing from five participants (three THC) because of computer malfunction. There was a main effect of instruction (F (2, 146) = 122.40, Po0.001) for the 'online' subjective ratings; there was no main effect of group (F (1, 73) = 0.40, P = 0.53), no main effect of scanner site (F (1, 73) = 0.53, P = 0.47), no group × scanner site interaction (F (2, 73) = 1.15, P = 0.29), no group × instruction interaction (F (2, 146) = 2.24, P = 0.11), no scanner site × instruction interaction (F (2, 146) = 0.03, P = 0.97), and no group × scanner site × instruction interaction (F (2, 146) = 0.14, 
Functional MRI Results
The ANOVA revealed a group × instruction interaction for the left amygdala ((−28, 4, − 18); volume = 688 mm 3 ; Z = 3.00, P = 0.05, corrected; Figure 1a ). There were no other significant group × condition interactions identified in any of the other a priori ROIs (vmPFC, vlPFC, dmPFC, dlPFC, ACC, right amygdala) or from the whole-brain analysis. There was also no effect of scanner site.
Follow-up inspection of ROI-extracted BOLD signal (β weights) revealed that within the THC group, left amygdala activation increased during Maintain compared with Look (t (39) = 4.56, Po0.001), but the increase to Reappraise did not reach significance (t (39) = − 1.86, P = 0.07). Within the PBO group, there was no difference in left amygdala activation between Maintain and Look (t (35) = 0.65, P = 0.52) or Maintain and Reappraise (t (35) = 0.13, P = 0.90).
Between-group comparisons revealed that THC increased left amygdala activity during Reappraise compared with PBO (mean β ± SD: THC, 0.48 ± 0.46 vs PBO, 0.24 ± 0.40; t (74) = 2.35, P = 0.02; Hedges' g = 0.55; Figure 1b ). There was no significant difference in left amygdala activation between the drug groups during Maintain (mean β ± SD: THC, 0.36 ± 0.31 vs PBO, 0.25 ± 0.31; t (74) = 1.64, P = 0.11) or Look (mean β ± SD: THC, 0.09 ± 0.33 vs PBO, 0.21 ± 0.30; t (74) = − 1.56, P = 0.12). The gPPI functional connectivity analyses revealed a significant group × condition interaction between the left amygdala and dlPFC ((36, 22, 54) ; volume = 3312 mm 3 ; Z = 3.95, P = 0.05, corrected; Figure 2a) . Similarly, there was a significant group × condition interaction between the right amygdala and dlPFC ((48, 0, 48) ; volume = 1024 mm 3 ; Z = 3.14, P = 0.05, corrected; Figure 2c ). There were no other significant group × condition interactions between the left or right amygdala seed regions and any of the other a priori ROIs (vmPFC, vlPFC, dmPFC, ACC) or from the wholebrain analysis. There was also no effect of scanner site.
The post hoc comparisons of extracted gPPI parameter estimates from the dlPFC revealed no significant difference in left amygdala-dlPFC or right amygdala-dlPFC functional coupling between Maintain and Look or Maintain and Reappraise within either drug group (Ps40.10).
Compared with the PBO group, THC decreased left amygdala-dlPFC and right amygdala-dlPFC functional coupling during Reappraise (left amygdala-dlPFC: mean ± SD: THC, 0.02 ± 0.38 vs PBO, 0.30 ± 0.47; t (74) = − 2.64, P = 0.01; Hedges' g = 0.65; Figure 2b ; right amygdala-dlPFC: mean ± SD: THC, 0.10 ± 0.24 vs PBO, 0.32 ± 0.27; t (74) = − 3.70, Po0.001; Hedges' g = 0.86; Figure 2d ). In addition, THC decreased right amygdala-dlPFC functional coupling during Maintain (mean ± SD: THC, 0.02 ± 0.29 vs PBO, 0.36 ± 0.34; t (74) = − 2.27, P = 0.03; Hedges' g = 1.08; Figure 2d ), but THC had no significant effect on left amygdala-dlPFC functional coupling during Maintain between drug groups (mean ± SD: THC, 0.14 ± 0.39 vs PBO, 0.12 ± 0.35; t (74) = 0.25, P = 0.80). Compared with PBO, THC increased left amygdala-dlPFC functional coupling during Look (mean ± SD: THC, 0.21 ± 0.42 vs PBO, 0.01 ± 0.42; t (74) = 2.10, P = 0.04; Hedges' g = 0.48; Figure 2b ), but THC had no significant effect on right amygdala-dlPFC functional Figure 2 Significant group × instruction interaction in amygdala functional connectivity with the dorsolateral prefrontal cortex. (a) Voxel-wise statistical F-maps overlaid on a canonical brain rendering (MNI sagittal) showing significant group by instruction interaction between the left amygdala 'seed' region and the dorsolateral prefrontal cortex (dlPFC). Threshold for displaying the image is set at P = 0.05 and masked; color bars represent statistical F scores. (b) Mean functional connectivity (gPPI parameter estimates; arbitrary units (a.u.)) from the dlPFC (36, 22, 54) from each condition showing decreased functional coupling between the left amygdala 'seed' and dlPFC during Reappraise, increased functional coupling between these two regions during Look in the THC group compared with the PBO group, and little change in connectivity during Maintain in either group. (c) Voxel-wise statistical F-maps overlaid on a canonical brain rendering (MNI sagittal) showing significant group by instruction interaction between the right amygdala 'seed' region and the dlPFC. Threshold for displaying the image is set at P = 0.05 and masked; color bars represent statistical F scores. (d) Mean functional connectivity from the dlPFC (48, 0, 48) from each condition showing decreased functional coupling between the right amygdala 'seed' and dlPFC during Reappraise and Maintain in the THC group compared with the PBO group, and little change in connectivity during Look in either group. PBO (green bars) and THC (red bars). Error bars indicate SEM. Significant differences are marked with brackets and asterisk. A full color version of this figure is available at the Neuropsychopharmacology journal online.
coupling during Look between drug groups (mean ± SD: THC, 0.27 ± 0.33 vs PBO, 0.27 ± 0.40; t (74) = − 0.03, P = 0.98).
DISCUSSION
The aim of the current study was to examine whether acute THC administration modulates frontolimbic activation and functional connectivity during a volitional emotion regulation task. All participants, regardless of drug condition, self-reported successful downregulation of negative affect using cognitive reappraisal. However, the THC group exhibited greater left amygdala activation, and less amygdala-dlPFC functional coupling during cognitive reappraisal (vs PBO group). In addition, within the THC group, left amygdala activation was higher during both Reappraise and Maintain relative to Look. Compared with PBO, THC also decreased right amygdala-dlPFC functional coupling during Maintain, but increased left amygdaladlPFC functional coupling during Look. Broadly, these results suggest that THC modulates amygdala, but not PFC, activation and amygdala-dlPFC functional connectivity during cognitive reappraisal and negative emotion processing in general.
In the current study THC increased amygdala activation during cognitive reappraisal, whereas others have shown that THC decreases amygdala activation during fear inhibition (Rabinak et al, 2013) , and can increase or decrease amygdala activation during threat perception Phan et al, 2008) . This suggests that the effects of THC on amygdala activation may differ depending on whether the emotional process is volitional or automatic (cognitive reappraisal vs fear inhibition). Besides being more effortful and goal-directed than fear inhibition, cognitive reappraisal also occurs later in the temporal unfolding of an emotional response over time. More specifically, fear inhibition (and threat perception) occurs quickly, at the initial appraisal stage of an emotional response, whereas cognitive reappraisal occurs later, once affective responses have already been generated (Gross, 1998 (Gross, , 2001 (Gross, , 2013 . Cognitive reappraisal is therefore a relatively slower process that involves active manipulation of cognitive, physiological, and motivational responses themselves. Considering the current findings, the ability of THC to dampen amygdala reactivity may be specific to fast-acting, automatic regulation strategies such as inhibiting conditioned fear responses during fear extinction and recall (Rabinak et al, 2014) . When the strategy unfolds more slowly over time and requires active cognitive modulation of emotional experiences, THC may actually have the opposite effect and enhance amygdala reactivity.
In addition to focal activation changes THC decreased amygdala-dlPFC functional coupling during cognitive reappraisal. The dlPFC is a key node of the frontolimbic circuit and is critically involved in the generation and maintenance of alternative interpretations of stimulus content (Ochsner et al, 2012) . Moreover, during cognitive reappraisal, dlPFC and amygdala activation covary in samples of healthy adults (Banks et al, 2007; Erk et al, 2010) , and it has been suggested that during volitional regulation efforts, the dlPFC exerts inhibitory influences on the amygdala to facilitate the attenuation of negative affect (Banks et al, 2007) . In the current study, the THC group exhibited greater amygdala reactivity during cognitive reappraisal (vs PBO) and it is plausible that these effects were mediated by changes in amygdala-dlPFC functional connectivity. More specifically, because THC diminished amygdala-dlPFC functional coupling, amygdala response to negative stimuli may have been unregulated, creating sustained hyperactivity. Others have also found that THC increases amygdala reactivity in response to negative stimuli, and it is possible that THC-induced amygdala-dlPFC decoupling leads to sustained amygdala reactivity in several affective contexts (Bhattacharyya et al, 2012a) . Importantly, in the current study, despite this neural pattern of results, the THC group reported less negative affect following Reappraise relative to Maintain, suggesting that their regulation efforts were indeed successful. Future studies should investigate the factors and processes that may contribute to this dissociation between self-reported affect and neural patterns.
Related to the points above, within the THC group, amygdala activation was greater during both Maintain and Reappraise relative to Look and implies that to some extent, THC dampened amygdala activation to neutral images relative to negative images. Interestingly, THC also increased (left) amygdala-dlPFC functional connectivity during Look, and decreased (right) amygdala-dlPFC functioning connectivity during Maintain. This pattern of results broadly implies that in response to neutral images, THC increases amygdala-dlPFC functional coupling that may attenuate amygdala reactivity. However, in response to negative images, and during attempts to actively reinterpret negative stimuli, THC decreases amygdala-dlPFC functional coupling that may enhance amygdala reactivity. The mechanisms underlying the direction of these effects are unclear. However, one possibility is that the THC group had difficulties engaging the dlPFC in response to negative stimuli, and then overcompensated or misemployed dlPFC in response to neutral stimuli. Alternatively, given that acute THC administration is associated with impairments in affective stimuli perception (Ballard et al, 2012) , and can increase the salience of nonsalient stimuli (Bhattacharyya et al, 2012b) , the THC group may have had difficulties accurately decoding visual and affective information and subsequently employing the appropriate regulatory response, even to emotionally neutral stimuli. These alternative hypotheses require further investigation.
This study had numerous strengths, including having a double-blind, placebo-controlled design in a relatively large sample for a pharmaco-fMRI study, and the use of a wellvalidated cognitive reappraisal task consistently shown to engage a specific frontal circuit. There are also several limitations worth noting. First, although participants received extensive instruction, and were tested on their cognitive reappraisal abilities before the task, the extent to which they engaged in this strategy or individual differences in strategies employed during Reappraise is unclear. Second, participants rated their self-reported negative affect at the end of each task block, instead of after each individual image, and this may have led to biased reports because of the relative retrospective nature of the assessments. Third, data were collected at two different sites, using two different scanners, and although site was included as a covariate in all analyses, it is possible this influenced the pattern of results. Fourth, gPPI analyses are correlational and therefore directionality between the amygdala and dlPFC cannot be inferred. Future work is therefore needed to replicate and extend this line of research.
In sum, the present results suggest that relative to PBO, THC increases amygdala activation and reduces amygdaladlPFC functional coupling during cognitive reappraisal. These results are in contrast with data suggesting that THC reduces amygdala reactivity, and enhances amygdala-PFC functional connectivity, during fear inhibition (Rabinak et al, 2014) , but are consistent with some studies (but not all) on the neural effects of THC during threat perception (Bhattacharyya et al, 2012a) . Together, this literature suggests that THC may facilitate automatic forms of emotion processing but disrupt, at least on a neural level, volitional attempts to regulate negative affect. Although additional work is needed to elucidate under what conditions, and for whom, THC potentiates vs attenuates frontolimbic and emotional functioning, this pattern of results could indicate that during acute intoxication, recreational cannabis users experience deficits in effortful attempts to dampen negative affect.
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